Germ cells develop in intimate contact and communication with somatic cells of the gonad. In female mammals, oocyte development depends crucially on gap junctions that couple it to the surrounding somatic granulosa cells of the follicle, yet the mechanisms that regulate this essential intercellular communication remain incompletely understood. Follicle-stimulating hormone (FSH) drives the terminal stage of follicular development. We found that FSH increases the steady-state levels of mRNAs encoding the principal connexins that constitute gap junctions and cadherins that mediate cell attachment. This increase occurs both in granulosa cells, which express the FSHreceptor, and in oocytes, which do not. FSH also increased the number of transzonal projections that provide the sites of granulosa cell-oocyte contact. Consistent with increased connexin expression, FSH increased gap junctional communication between granulosa cells and between the oocyte and granulosa cells, and it accelerated oocyte development. These results demonstrate that FSH regulates communication between the female germ cell and its somatic microenvironment. We propose that FSH-regulated gap junctional communication ensures that differentiation processes occurring in distinct cellular compartments within the follicle are precisely coordinated to ensure production of a fertilizable egg.
INTRODUCTION
Germ cells develop in continuous communication with somatic cells of the gonad, which generate a microenvironment that both supports homeostatic functions of the germ cells and regulates their differentiation [1] [2] [3] [4] [5] . When this communication is disrupted, germ cells do not develop normally, and mature gametes, capable of participating in fertilization, are not produced [5] [6] [7] [8] [9] [10] . Gap junctions couple the germ-line and somatic compartments [11] and, together with secreted and membrane-bound factors, play an indispensable role in mediating this intercellular communication [12] . Identifying the mechanisms that regulate gap junctional communication between the germ-line and soma is central to understanding how the somatic microenvironment supports germ cell development.
In mammalian females, the oocyte becomes enclosed by somatic granulosa cells shortly after the germ cell enters meiosis, when the two cell types assemble to generate a primordial follicle. During reproductive life, cohorts of primordial follicles regularly enter a prolonged growth phase during which the oocyte volume shows more than 100-fold increase [13, 14] , and it acquires the ability to develop as an embryo following fertilization [15] . As the oocyte grows, the granulosa cells proliferate so that they continue to fully enclose the expanding oocyte. Although the growing oocyte generates a thick extracellular matrix, termed the zona pellucida, which physically separates it from the surrounding granulosa cells, narrow cytoplasmic extensions of the granulosa cells, termed transzonal projections (TZPs), traverse the zona to reach the oocyte plasma membrane. These TZPs enable the growing oocyte and granulosa cells to remain in physical contact. Importantly, gap junctions become assembled at the tips of the TZPs, where they contact the oocyte plasma membrane [11, 16, 17] . These enable the oocyte to remain coupled to the surrounding granulosa cells throughout its growth. During the final stage of oocyte development, termed meiotic maturation, the TZPs retract from the oocyte surface, and gap junctional communication with granulosa cells is lost [18] .
The function and importance of the oocyte-granulosa gap junctional communication has been well defined. This coupling permits granulosa cells to provide the growing oocyte with nucleotides, amino acids, and energy substrates that it is unable to obtain itself [19] [20] [21] [22] [23] . Communication with granulosa cells is also necessary for the growing oocyte to maintain a stable intracellular pH in vitro [24] and promotes chromatin remodeling and acquisition of meiotic competence [25, 26] . Near the end of oocyte growth, cyclic nucleotides that prevent precocious initiation of meiotic maturation are transmitted via gap junctions from granulosa cells to the oocyte [27] [28] [29] [30] . Direct evidence for the indispensable role of gap junctions in oocyte development is provided by experiments where the gene encoding the principal gap junction protein present in the oocyte (Gja4, encoding connexin-37) was deleted. These oocytes fail to establish gap junctional communication with granulosa cells, exhibit severely impaired development, and cannot be fertilized [6, 31] . Deletion of the gene encoding the principal gap junction protein present in granulosa cells (Gja1, encoding connexin-43) also prevents oocyte development, although oocyte-granulosa gap junctional communication remains intact [8, 9, 31] . These experiments establish the indispensability and function of communication with granulosa cells during oocyte development. In contrast, mechanisms that regulate this communication, and thereby might control the timing or efficacy of oocyte development, have been little explored.
Follicle-stimulating hormone (FSH) is a pituitary glycoprotein whose receptors are located on granulosa cells [32, 33] . The early stages of oocyte and follicular growth can proceed in the absence of FSH, but more advanced stages become responsive to and subsequently dependent on it [34] . Oocyte development is retarded in vivo in mice lacking FSH, and embryos derived from these oocytes develop poorly, indicating a key role for FSH in oocyte development in vivo [35] . The FSH receptor is expressed by the granulosa cells of the follicle not the oocyte, however, indicating that the influence of FSH on oocyte development must be exerted via granulosa cells [35] .
Previous studies have shown that FSH promotes gap junctional communication between granulosa cells. The quantity of Gja1 and connexin-43 in the granulosa increase during FSH-dependent follicle growth, and exogenously supplied FSH activity increases their abundance [36, 37] . FSH also triggers translocation of connexin-43 from the cytoplasm to the plasma membrane in vivo and in vitro, accompanied by increased connexin-43 phosphorylation [37] [38] [39] [40] [41] . In addition, FSH increases gap junctional communication in an immortalized cell line derived from granulosa cells [42] . Given the essential role in oocyte development of gap junctional communication with granulosa cells and the ability of FSH to increase communication between granulosa cells, we speculated that FSH might increase communication between granulosa cells and the oocyte. We report that FSH increases the expression of junctional components in oocyte and granulosa cells, increases density of actin-TZPs physically linking these two compartments, and increases granulosagranulosa and granulosa-oocyte gap junctional communication. These results identify FSH as an extrafollicular regulator of gap junctional communication within the ovarian follicle, which, by increasing communication between the germ cell and somatic compartments, promotes the growth and development of the oocyte within its follicular microenvironment.
MATERIALS AND METHODS

Mice
All experiments were performed in compliance with the regulations and policies of the Canadian Council on Animal Care and were approved by the Animal Care Committee of the Royal Victoria Hospital. C57BL/6 mice carrying a deletion in the Fshb gene [34] were obtained from Jackson Laboratories, and a colony was established at McGill. Mice were housed and bred in a temperature-and light-controlled room and provided food and water ad libitum. Fshb À/À females were generated by mating Fshb þ/À females with Fshb À/À males. Fshb þ/À females of the same litter were used as controls. Genotyping of the offspring was done using the EZ Tissue/Tail DNA Isolation Plus PCR kit (EZ Bioresearch). After DNA extraction from tail snips, PCR was used to detect the wild-type Fshb gene and the replacement targeting vector by using the Fshb primers TTCAGCTTTCCCCAGAAGAG and CTGCTGAC AAAGAGTCTATG; and the targeting vector primers CTTGCGCTCATCTTA GGCTT and GGACCTCTCGAAGTGTTGGAT. The following PCR program was used: 948C for 60 sec, 558C for 60 sec, and 728C for 90 sec. PCR products were visualized on 1.5% agarose gels stained with ethidium bromide. For some experiments, Fshb À/À females at Postnatal Day (PD) 16 were given an intraperitoneal injection of 5 IU of equine chorionic gonadotropin (eCG) (Sigma), and used at PD18. CD-1 mice were obtained from Charles River.
Collection and Culture of Cells
Ovaries were removed from Fshb þ/À and Fshb À/À females, transferred to minimal essential medium (MEM; Life Technologies), supplemented with sodium pyruvate (0.28 mM; Sigma), penicillin G (63 lg/ml; Sigma), streptomycin (50 lg/ml; Sigma), and bovine serum albumin (BSA) (3 mg/ ml; Sigma) at 378C in air, and dissected using 30-G1/2 needles. For all experiments, cells were collected and manipulated in MEM buffered using Hepes (pH 7.2), and were incubated in MEM buffered using NaHCO 3 in an atmosphere of 5% CO 2 in air. Taking advantage of the synchronous follicular growth that occurs during the first 3 wk of postnatal life in mice, secondary follicles containing mid-growth oocytes (50-to 60-lm diameter) and early antral follicles containing late growth oocytes (60-to 75-lm diameter) were obtained from females at PD10-12 and PD18-21, respectively. To obtain granulosa-oocyte complexes (GOCs) containing mid-growth oocytes, ovaries from PD10-12 females were dissected into several fragments and incubated in MEM-H supplemented with collagenase (10 lg/ml; Worthington) and DNase I (10 lg/ml; Sigma) at 378C in air. At 2-to 3-min intervals, the fragments were gently pipetted to disrupt them. Individual GOCs were collected using a mouthcontrolled micropipette and transferred to fresh medium [35] . To obtain complexes containing late-growth oocytes, follicles on the surface of ovaries obtained from PD18-21 females were punctured using 30-G 1/2 needles, and the released complexes were collected using a mouth-controlled micropipette and transferred to a dish of fresh medium. Purified granulosa cells and oocytes were obtained by further manipulating complexes using a fine-bore mouthcontrolled micropipette.
For in vitro growth experiments, intact follicles or GOCs were transferred to type I collagen, at 3.0 lm inserts (Becton-Dickinson) in 24-well plates containing 750 ll of pre-equilibrated serum-free minimum essential medium (MEM) supplemented with ITS (10 lg/ml insulin, 5.5 lg/ml transferrin, 5 ng/ ml selenium; Sigma) and cilostamide (10 lM; Sigma) and incubated in the presence or absence of 10 mIU/ml FSH (EMD Serono), a dose previously shown to sustain follicular growth in vitro [43] . For culture of GOCs, twothirds of the medium was replaced every third day. To measure the diameter of oocytes within the complexes, pseudo-brightfield images were recorded using a confocal laser scanning microscope (model 510; Zeiss) and analyzed using the software provided by the manufacturer. To permit meiotic maturation, complexes were transferred to cilostamide-free MEM and incubated overnight. The following day, the maturation state of the oocytes was assessed visually by the presence of a polar body.
Immunohistochemistry
Ovaries of PD21 CD-1 mice were fixed overnight at 48C in freshly prepared 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.5) with continuous agitation and then embedded in paraffin. Sections were cut at 5 lm, deparaffinized and rehydrated, and then boiled for 40 min in Tris-EDTA (pH 9.0). After cooling to room temperature (RT), slides were blocked with 1.35% goat serum in PBS containing 0.1% Tween-20 (PBST) for 30 min at RT in a humidified chamber. Following PBST washes, slides were incubated at 48C overnight with one of the following antibodies diluted in blocking buffer: Ncadherin (1:100 dilution; code Ab18203; Abcam), connexin-43 (1:400 dilution; product C6219; Sigma), E-cadherin (1:100 dilution; code Ab15148; Abcam), or connexin-37 (1:250 dilution; product number 40-4300; Life Technologies). Slides were washed in PBST and incubated for 1 h at RT with anti-rabbit Alexa 488 (1:100 dilution; Life Technologies) and DRAQ5 (1:1000 dilution; New England Biolabs) as a DNA stain. Slides were then washed and mounted in Mowiol (Sigma), and examined using confocal laser scanning microscopy.
RNA Extraction and Quantitative Real-Time PCR
Thirty mid-growth oocytes and their associated granulosa cells or 20 lategrowth oocytes and their associated granulosa cells were used for total RNA extraction, using a Picopure RNA isolation kit (Life Technologies) according to the manufacturer's instructions. RNA was eluted in 10 ll of the provided elution buffer. A SuperScript II reverse transcription kit (Life Technologies) was used to generate cDNA. One microliter of deoxyribonucleotides (10 mM each) and 200 ng of random primers were added to the 10 ll of RNA. The mixture was then incubated for 5 minutes at 658C, followed by the addition of 4 ll of 53 first-strand synthesis buffer, 2 ll of 0.1 M dithiothreitol, and 1 ll of RNaseOUT. After a 2-min incubation at 258C, followed by the addition of 1 ll of SuperScript II, the mixture was then successively incubated for 10, 50, and 15 minutes at 258C, 428C, and 708C, respectively. PCR amplification was performed using a Corbett Rotorgene 6000 (Montréal Biotech). Each reaction mixture contained 4 ll of EvaGreen Mix (Montréal Biotech), 13 ll of UltraPure DNase/RNase-free distilled water (Life Technologies), 1 ll of 10 lM primers, and 2 ll of cDNA (diluted 1:20 from original stock). Primers were designed using Primer-BLAST (National Institutes of Health) and obtained from Sigma. Primer sequences are given in Table 1 . For each primer pair, a standard curve was generated using serial dilutions of cDNA prepared from ovarian RNA and used to determine the efficiency of amplification. Melt-curve analysis and electrophoresis of amplified products confirmed that only a single product of EL-HAYEK AND CLARKE the expected size was generated. Data were analyzed using software provided by the manufacturer. Relative quantities of amplified product were calculated according to 2
ÀDDCT method, using Actb (actin) for normalization.
Immunoblotting
Granulosa cells from 75 GOCs containing mid-growth oocytes or 50 complexes containing late-growth oocytes were transferred to a microfuge tube in MEM, briefly centrifuged to pellet them, and resuspended in 20 ll of 23 Laemmli buffer (Bio-Rad). After being heated to 958C for 5 min, the samples were subjected to Tris-glycine electrophoresis using 12% polyacrylamide gels as described previously [44] . Proteins were transferred onto a polyvinylidene fluoride membrane membrane (Amersham) under constant voltage (100 V) for 1.5 h. The membrane was subsequently blocked in 5% non-fat milk, in 0.1% Tween-PBS (PBST). The membrane was then incubated overnight at 48C with primary antibody diluted in PBST containing 3% bovine serum albumin: connexin-43 (1:8000 dilution; product C6219; Sigma), N-cadherin (1:1000 dilution; code Ab18203; Abcam), tubulin (1:2000 dilution; product T8203; Sigma). After being washed, the membrane was incubated in secondary antibody conjugated to horseradish peroxidase (Promega Fisher) diluted 1:5000 in PBST containing 5% non-fat milk for 1 h at room temperature. After washing, fluorescence was revealed using ECLþ (Amersham GE Healthcare), imaged using a Storm phosphorimager (Amersham), and quantified using Image J software (U.S. National Institutes of Health). N-cadherin and connexin-43 signals were normalized to tubulin in the same sample.
Detection of RNA Synthesis
RNA synthesis was detected using Click-it technology (Life Technologies), which uses the modified nucleotide 5 0 -ethynyl uridine (EU). Late-growth oocytes obtained from PD18-20 females were incubated in MEM supplemented with 100 lM EU for 2 h. They were then fixed for 15 min at RT in freshly prepared 2% paraformaldehyde in PBS (pH 7.5). EU detection was carried out following the manufacturer's instructions. Oocytes were mounted on glass slides, and fluorescence was recorded using the confocal microscope and quantified using Image J software.
Detection and Quantification of Cy3-Phalloidin Fluorescence
Oocytes were fixed for 15 min at RT in freshly prepared 2% paraformaldehyde in PBS and then washed with PBST. To stain actin, cells were incubated for 1 h at RT in Cy3-conjugated phalloidin (product P1951; Sigma) diluted 1:100 in PBST. To assess chromatin configuration [45, 46] , cells were incubated for 1 h at RT in DRAQ5 diluted 1:1000 in PBST. To mount the cells, a 9-mm 3 0.12-mm spacer (product GBL654008; Sigma) was attached to a glass microscope slide. A 2-ll drop of PBS was placed in the center of the spacer and covered with 20 ll of mineral oil. Cells were then transferred into the drop of PBS, and a cover slip was placed on top. Using the 633 objective of the confocal microscope, the equatorial plane of the oocyte or complex was identified visually. Two concentric circles, one at the oocyte plasma membrane and the second at the granulosa cell plasma membranes apposed to the zona pellucida, were traced using the image analysis software supplied with the confocal system, taking care to exclude the Cy3-stained plasma membranes of the oocyte and granulosa cell bodies. Cy3 fluorescence between the two circles, which corresponds to the TZPs within the zona pellucida, was recorded, quantified using Image J software, and expressed per unit area.
Measurement of Granulosa Cell Communication Using Fluorescence Recovery after Photobleaching
A protocol for fluorescence recovery after photobleaching (FRAP) was adapted from a previous study that used it to monitor gap junctional communication between cumulus granulosa cells within cumulus-oocyte complexes [47] . Complexes isolated from ovaries of PD18-21 Fshb þ/À and Fshb À/À females were incubated for 15 min in MEM containing calcein-AM (1 lM, diluted from 5 mM stock; Life Technologies) and then transferred into calcein-free medium. FRAP was performed using the region of interest (ROI)-bleach function of the confocal laser scanning 510 Meta software. Using the 633 objective, an individual granulosa cell was bleached using a single series of 50 iterations spanning 2 sec of the argon laser at 100% transmission strength. Using the BP500-550 filter, the fluorescence within the cell was recorded 24 sec before bleaching, at the time of bleaching, and at 16-sec intervals after bleaching for 4 min. Two granulosa cells on diametrically opposite sides of the enclosed oocyte were bleached in each complex, and 10 complexes per experimental group were analyzed. In some cases, the gap junction blocker carbenoxolone (100 lM; Sigma), was added to the medium 30 min before and during incubation with calcein-AM.
Measurement of Oocyte-Granulosa Cell Communication Using Fluorescence Loss in Photobleaching
A protocol for fluorescence loss in photobleaching (FLIP) was adapted from a previous study [48] . Complexes isolated from ovaries of PD10-21 or PD 18-21females were incubated for 15 min in MEM supplemented with calcein-AM as above and then for 60 min in calcein-free MEM to allow transfer of calcein from the granulosa cells into oocyte. A circular ROI of fixed diameter (10 lm, to ensure the bleaching did not extend to the surrounding granulosa cells) was set in the center of the enclosed oocyte and subjected to 60 repetitive bleaches of 50 iterations (1 min total duration) using the argon laser at 50% transmission strength. The intensity of fluorescence in the oocyte and the layer of granulosa cells immediately surrounding it was recorded before bleaching and after the 10th, 20th, 30th, 40th, 50th, and 60th bleaching. Loss of fluorescence was calculated as intensity of fluorescence in granulosa cell layer at each time point divided by the pre-bleach intensity of the layer. As oocytes of all experimental groups were subjected to the same bleaching procedure within the fixed ROI, the loss in fluorescence was further divided by initial pre-bleach intensity of the oocyte normalized to intensity of fluorescence in oocyte at the given time point, in order to correct for differences in bleaching effect in oocytes of different sizes. To verify that loss of fluorescence depended on gap junctional communication, some complexes were first incubated with calcein-AM and wash medium to allow dye entry into oocytes and then incubated in the presence of carbenoxolone for 30 min, after which, FLIP was performed as described.
Statistical Analysis
Statistical analysis was performed using Prism version 6.0 software (GraphPad). Single-sample t-test, two-sample t-test, chi-square test, or one-way ANOVA followed by Tukey honest significance difference test was used, depending on the experiment. A P value ,0.05 was considered significant. For single-sample t-test, two-sample t-test, and one-way ANOVA, reported values are means 6 standard errors of the mean (SEM) of three or more independent experiments. For the chi-square test, reported values represent the mean of three independent experiments.
RESULTS
FSH Increases Expression of Connexins and Cadherins in Granulosa Cells and Oocytes
Growth of the oocyte and follicle is conventionally divided into morphologically defined stages. Primordial follicles consist of a nongrowing oocyte enclosed by a small number of squamous granulosa cells. Upon entry into the growth phase, the follicles are termed primary and are characterized by a GERM CELL-SOMATIC COMMUNICATION growing oocyte surrounded by a single layer of cuboidal granulosa cells. As the granulosa cells proliferate, they generate multiple layers around the growing oocyte, and the follicles are termed secondary. Subsequently, a fluid-filled cavity, termed the antrum, develops, and the oocyte upon reaching full size stops growing. Such follicles are termed antral, and large antral (Graafian) follicles ovulate in response to gonadotropins. Because FSH drives the transition from secondary to antral follicle [34, 35] , we focused on these two stages. We examined the expression of genes encoding the principal gap junction proteins and the cadherins that mediate attachment of the granulosa cells to the oocyte. As shown in Figure 1 , granulosa cells mainly express connexin-43 (encoded by Gja1) and Ncadherin (Cdh2), whereas oocytes mainly express connexin-37 (Gja4) and E-cadherin (Cdh1) [6, [49] [50] [51] [52] [53] [54] . Using Fshb þ/À and Fshb À/À females, we isolated complexes consisting of an oocyte and surrounding granulosa cells from secondary and early antral follicles, mechanically separated the two cell types, and analyzed gene expression in each.
In secondary follicles, granulosa cells of Fshb þ/À females already contained significantly more Gja1 and Cdh2 than those of Fshb À/À females ( Fig. 2A) , and a similar difference was observed in the amount of encoded protein (Fig. 2B) . During progression to the early antral stage, the quantities of both Gja1 and Cdh2 increased substantially in granulosa of Fshb þ/À follicles. In contrast, a much smaller increase was observed during the same period in granulosa of Fshb À/À follicles (Fig. 2,  C and D) . These results showed that the steady-state levels of Gja1 and Cdh2 in granulosa cells increased during progression from the secondary to early antral stage and that this increase was partially dependent on FSH.
We observed similar results when we examined the expression of Gja4 and Cdh1 in the oocyte. Both of the mRNAs were more abundant in oocytes of secondary follicles of Fshb þ/À females than in those of Fshb À/À females (Fig. 2E ). We were unable to detect the encoded proteins by immunoblotting using available antibodies. Both of the mRNAs increased significantly stage in oocytes of Fshb þ/À females during progression from the secondary to early antral stage, but this increase failed to occur in oocytes of Fshb À/À females (Fig.  2, F and G) . We observed no difference, however, between oocytes of Fshb þ/À and Fshb À/À females in the expression of other developmentally important genes (Fig. 2H) or global transcriptional activity as measured by intensity of EU labeling (Fig. 2I) , implying that transcription was not non-specifically reduced in oocytes of Fshb À/À females. Similarly, the absence of FSH does not non-specifically reduce transcription in granulosa cells [55, 56] . Thus, although the oocyte does not express the FSH receptor and thus cannot be a direct target of the hormone, the steady-state levels of the mRNAs encoding the major oocyte connexin and cadherin were relatively low in females that lacked FSH.
To test whether the reduced gene expression was due to the absence of FSH, we injected eCG, which exhibits FSH activity [57] , into Fshb À/À females and 48 h later collected GOCs from them, as well as from age-matched uninjected Fshb À/À and Fshb þ/À females, and separated the granulosa cells from the oocytes for analysis. eCG-injected Fshb À/À females contained significantly more Gja1 and Cdh2 in granulosa cells (Fig. 3A) and Gja4 and Cdh1 in oocytes (Fig. 3B ) than uninjected Fshb À/À females. Notably, the quantity of each mRNA did not differ significantly from that of Fshb þ/À females. Similar increases in the quantities of connexin-43 and N-cadherin protein were also observed (Fig. 3C) . These results indicated that a 2-day exposure to FSH activity in vivo was sufficient to increase the steady-state quantities of these mRNAs.
As a second test of the role of FSH in regulating expression of these genes, we collected secondary follicles from Fshb À/À females and cultured them for 2 days in the presence or absence of FSH. Follicles cultured in the presence of FSH contained significantly more Gja1 and Cdh2 in granulosa cells and Gja4 and Cdh1 in the oocyte than those cultured in its absence (Fig.  3, D and E) . FSH also increased the steady-state level of Gja4 and Cdh1 in oocytes of wild-type secondary follicles of CD-1 females that were cultured in vitro (Fig. 3F) , indicating that its effect was not limited to the Fshb À/À background. These results indicate that FSH increases the steady-state level of mRNAs encoding the major connexins and cadherins of both the granulosa cells and the oocytes.
FSH Increases Contact Between the Oocyte and Its Surrounding Granulosa Cells
The gap junctions that connect granulosa cells and oocytes are located where the actin-rich TZPs contact the oocyte plasma membrane [11, 16, 17] . We reasoned that, if FSH increased gap junctional communication between the two cell types, this might be associated with an increase in the number of actin-rich TZPs. We isolated complexes from early antral follicles, which are responsive to FSH, mechanically removed the bodies of granulosa cells, and stained the oocytes using Cy3-conjugated phalloidin, which binds to F-actin. Using confocal microscopy, we measured the fluorescence of an equatorial optical section of the zona pellucida and normalized this to the area that was sampled to generate a value corresponding to the density of F-actin. We observed significantly greater phalloidin fluorescence in the zona pellucida of oocytes of Fshb þ/À females than in those of Fshb À/À females (Fig. 4, A and B) . We then examined oocytes obtained from Fshb À/À females that had been injected 48 h previously with eCG as above. The (Fig. 4, A and B) , indicating that supplying FSH activity in vivo could increase the density of actin-rich TZPs. We also isolated wild-type GOCs from secondary follicles of CD-1 females, cultured them in the presence or absence of FSH, and then stained the oocytes using Cy3-phalloidin. Oocytes of GOCs that had been cultured in the presence of FSH showed increased density of phalloidin fluorescence compared to those cultured in the absence of FSH (Fig. 4C) . Although we cannot exclude the possibility that FSH increased the actin content of the TZPs without changing their number, these results imply that FSH increases the density of actin-rich TZPs within the zona pellucida.
FSH Increases Gap Junctional Communication Within the Follicle
Because FSH increased the steady-state levels of mRNAs encoding the major gap-junctional components of granulosa cells and oocytes and increased the density of the TZPs that harbor oocyte-granulosa gap junctions, we examined whether it increased gap junctional communication within the follicle. We first examined communication between granulosa cells, using FRAP, which has previously been used for this purpose [47, 58, 59] . Cells to be analyzed using FRAP are briefly incubated in the presence of calcein-AM, a dye that upon entry into cells becomes fluorescent and cell-impermeable but can be transmitted between cells via gap junctions. Using the laser of a confocal microscope, the fluorescence in a target cell was bleached, and the recovery of fluorescence in the bleached cell was recorded, reflecting transfer of fluorescent calcein from neighboring cells via gap junctions [60, 61] .
Granulosa-oocyte complexes were isolated from ovaries of PD18-21 Fshb þ/À and Fshb À/À females, incubated in the presence of calcein-AM, then transferred to calcein-free medium, and analyzed using FRAP. We observed a slower recovery of fluorescence, indicating decreased gap junctional activity, in complexes of Fshb À/À females than in complexes of Fshb þ/À females (Fig. 5) . Injection of eCG into Fshb À/À females 2 days prior to collection of the complexes, however, increased the rate of fluorescence recovery, although it remained below that observed using complexes of Fshb þ/À females (Fig. 5) . No fluorescence recovery was observed when FRAP was performed in the presence of the gap junction blocker carbenoxolone (Fig. 5) , confirming that recovery depended on gap junctional activity [62] . 
FIG. 2. Expression of mRNAs encoding cadherins and connexins was reduced in granulosa cells and oocytes of Fshb
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We then examined gap junctional communication between granulosa cells and the oocyte. FRAP analysis using the oocyte is unsuitable, however, as migration of non-bleached calcein from oocyte cytoplasm that was outside the plane of bleaching, as well as from coupled granulosa cells, could contribute to the fluorescence recovery after bleaching (Fig. 6A, upper) . We therefore adapted the method termed FLIP, which is commonly used to monitor intracellular trafficking [61] . GOCs were loaded with calcein-AM and incubated to allow its transfer to the oocyte. We then photobleached the oocyte and recorded the loss of fluorescence in the layer of granulosa cells immediately surrounding the oocyte, which reflects migration of nonbleached calcein from granulosa cells into the oocyte (Fig. 6A, lower) . All oocytes were subjected to the same laser treatment conditions and bright-field images of the complexes before and after bleaching were recorded to confirm that the oocyte remained intact after bleaching (Fig. 6B) . We observed a more rapid loss of fluorescence in granulosa cells of early antral follicles than in those of secondary follicles (Fig. 6C ). This indicates that there is more extensive gap junctional communication between granulosa cells and the oocyte in early antral follicles than in secondary follicles. Gja1 and Cdh2 were quantified using qPCR. B) Gja4 and Cdh1 were quantified in oocytes of the same complexes as in described in the legend to A. C) As in A, except that the quantity of proteins encoded by Gja1 and Cdh2 were measured using immunoblotting. Representative immunoblots are also shown. D) Fshb À/À follicles were cultured for 2 days in the absence or presence of FSH. Granulosa cells were isolated and Cdh2 and Gja1 were quantified. E) Cdh1 and Gja4 were quantified in oocytes of the same follicles as shown in D. F) Secondary follicles of wild-type CD-1 females were cultured for 5 days in the presence or absence of FSH and then processed as described in the legend to E. Histograms show mean 6 SEM of three or more independent replicates. Data were analyzed using one-way ANOVA followed by Tukey honest significant difference (A, B, and C), two-sample t-test (D and E) or single-sample t-test (F). Different letters or asterisks above bars denote P , 0.05. , and eCG-injected Fshb À/À females was quantified using confocal microscopy. Results are expressed per unit area of the zona. Forty oocytes from each group were analyzed. C) As in B, using oocytes obtained from complexes cultured for 5 days in the absence or presence of FSH. Seventy-five oocytes from each group were analyzed. Data were evaluated using one-way ANOVA followed by Tukey honest significant differences (B) or two-sample t-test (C). Different letters or asterisks above bars denote P , 0.05.
EL-HAYEK AND CLARKE
To assess whether FSH contributed to this increased oocytegranulosa communication, we performed FLIP on complexes isolated from early antral follicles of Fshb þ/À and Fshb
females. We observed a more rapid loss of granulosa fluorescence in complexes from Fshb þ/À females than in those from Fshb À/À females (Fig. 6D) . eCG-priming of Fshb À/À females 48 h prior to collection of the complexes, however, increased the rate of fluorescence loss to nearly that of Fshb þ/À females, indicating that it increased gap junctional communication between the oocyte and granulosa cells. Very little loss of granulosa cell fluorescence occurred in the presence of carbenoxolone, confirming that it depended on gap junction activity (Fig. 6D) . As a second test of the link between FSH and oocyte-granulosa cell communication, we isolated GOCs from secondary follicles of wild-type CD-1 females and cultured them for 5 days in the presence or absence of FSH and then assessed communication. We observed a more rapid loss of granulosa cell fluorescence in complexes that were cultured in the presence of FSH as compared to in its absence (Fig. 6E) . These results indicate that, both in vivo and in vitro, FSH increases gap junctional communication between the oocyte and its surrounding granulosa cells.
FSH Accelerates Oocyte Development In Vitro
We then tested whether the increased gap junctional communication in the presence of FSH was associated with an acceleration of oocyte development. As FSH is known to accelerate oocyte development in vivo [35] we examined its effect in vitro, focusing on three well-characterized parameters, as follows: (i) the increase in diameter of the growing oocyte; (ii) the change in chromatin configuration known as the NSNto-SN transition [45, 46] , which occurs at the end of growth , and eCG-primed Fshb À/À females. In a fourth group, Fshb þ/À GOCs were pretreated with carbenoxolone. Number of cells analyzed in each experimental group is shown. Data were analyzed using one-way ANOVA followed by the Tukey honest significant differences test. For clarity, the symbols indicate where the value differs from the value for the Fshb þ/À group at the same time point. , and eCG-primed Fshb À/À females. In a fourth group, Fshb þ/À GOCs were treated with carbenoxolone before FLIP. E) FLIP was performed using GOCs of wild-type CD-1 females that had been cultured for 5 days in the presence or absence of FSH. Number of cells analyzed per experimental group is indicated. Data were analyzed using one-way ANOVA followed by the Tukey honest significance difference (D) or two-sample t-test (C and E). Different letters or asterisks denote P , 0.05. D) For clarity, the symbols indicate where the value differs from the value for the Fshb þ/À group at the same time point.
GERM CELL-SOMATIC COMMUNICATION
and is correlated with the ability of the oocyte to develop as an embryo; and (iii) the ability to undergo meiotic maturation, termed meiotic competence. We isolated GOCs from secondary follicles of wild-type CD-1 females and cultured them for 5 days in the presence or absence of FSH. At the end of the culture period, the diameter of the enclosed oocyte was measured by brightfield imaging, and its chromatin configuration was assessed using a fluorescent DNA stain. To assess meiotic competence, we extended the culture period to 8 days, after which the oocytes were allowed to undergo meiotic maturation. Addition of FSH to the culture medium was associated with significant increases in oocyte diameter, the percentage of oocytes showing the SN configuration, and the percentage oocytes that could undergo germinal vesicle breakdown (Fig. 7) . Thus, in addition to its activity to increase gap junctional communication between the oocyte and granulosa cells, FSH also accelerates oocyte development.
DISCUSSION
The essential role of contact and communication with the somatic compartment of the gonad during germ cell development is well-established, but the factors and conditions that regulate this contact in mammals remain relatively poorly understood [6, 7, 31, 63] . We showed here that FSH increases the expression of genes encoding the principal connexins and cadherins in both granulosa cells and oocytes, increases the number of TZPs that harbor the sites of contact, and increases gap junctional communication between granulosa cells and between the oocyte and granulosa cells. FSH also accelerates oocyte development, a process known to require gap junctional communication with the granulosa. These results identify FSH as a factor that regulates germ line-somatic communication during late folliculogenesis in mammals.
Previous studies have shown that connexin-43 and Ncadherin protein and encoding mRNA increase during folliculogenesis and that their expression is regulated by FSH [37, 38, 42, 49, 51, 52, 64, 65] . Our results confirm these earlier reports. FSH may increase the expression of connexins and cadherins through the estradiol pathway, as Gja1 and Cdh2 increase in the ovary upon estradiol treatment [66] [67] [68] . Also, in other cell types, Gja1 expression is regulated by protein kinase A (PKA) activity [69] . As PKA is a downstream effector of FSH, the stimulation of Gja1 expression by FSH in granulosa cells may be PKA-dependent. Additionally, FSH has recently been shown to increase Gja1 expression in granulosa cells through the Wnt/b-catenin pathway [38] . These results suggest that FSH most likely increases steady-state levels of these mRNAs by upregulating their transcription.
Although the link between FSH and increased expression, phosphorylation, and membrane localization of connexin-43 in granulosa cells is well established (see the introduction), few studies have directly assessed the effect of FSH on gap junctional communication during pre-ovulatory follicle growth. FSH increased communication in a transformed cell line derived from granulosa cells of large antral follicles in the rat [42] . In contrast, FSH increased communication in primary cultures of granulosa cells obtained from small follicles, but not from mid-size or large follicles, in the cow [58] . Moreover, BMP-15, which is secreted by the oocyte, decreased expression of Gja1 and connexin-43 and reduced gap junctional communication in an immortalized human granulosa cell line [70] . This last observation highlights potential differences that may arise depending on the context in which communication is assayed. Our results demonstrate that FSH increases granulosa cell communication in the physiological context of the granulosa-oocyte complex. FSH also increases gap junctional communication in primary cultures of Sertoli cells [71] , which in males are descended from the same embryonic precursor cells that in females give rise to granulosa cells. Our results taken together with the previous work suggests that FSH increases communication through both acute mechanisms including phosphorylation and translocation of connexin-43 and long-term effects on the steady-state level of the protein [41, 42, 58, 71] . FSH also increased the expression of Gja4 and Cdh1 in oocytes, even though these cells do not express the FSH-receptor, and increased their gap junctional communication with the surrounding granulosa cell layer. The reduced expression of Gja4 and Cdh1 in oocytes of Fshb À/À females does not reflect an arrest of oocyte development in the absence of FSH, as expression of other genes tested was unaffected and previous studies have shown that these oocytes grow to fullsize and acquire meiotic competence [34, 35, 55, 56] . Rather, acting through granulosa cells that express its receptor, FSH increases expression of Gja4 and Cdh1 in the oocyte. A feedback mechanism shown to regulate connexin gene expression [72] provides a potential mechanism for this indirect effect. Connexins exist in equilibrium between a cytoplasmic pool of free molecules and those assembled into gap junctions. When free connexins are assembled into new gap junctions, transcription of the encoding mRNA increases to replenish the depleted cytoplasmic pool of protein. We suggest that the direct effect of FSH on Gja1 expression in granulosa cells increases the amount of connexin-43, which is then assembled into new gap junctional plaques at the plasma membrane. These may recruit or stabilize connexin-37 in the oocyte plasma membrane as new gap junctions are assembled. The resulting depletion in free connexin-37 would in turn increase Gja4 expression in the oocyte. It should be noted here that it is unclear whether it is connexin-37 or À43 in granulosa cells that establish gap junctions with the oocyte, but geneknockout studies have established that both are able to do so [31, 53] . A similar feedback mechanism could account for the FSH-driven increase in oocyte Cdh1 expression during late folliculogenesis.
Using a novel assay based on photobleaching, we further identified FSH as a factor that increases gap junctional communication between the oocyte and granulosa cells. This increased communication is likely enabled at least in part by the increased expression of Gja4. The larger number of TZPs linking granulosa cells to the oocyte observed in the presence of FSH may play an important role also, as these would provide a greater granulosa cell surface area available for gap FIG. 7 . FSH accelerates oocyte growth and development in vitro. GOCs obtained from PD 10 wild-type CD-1 females were cultured for 5 (A and B) or 8 (C) days in the presence or absence of FSH, after which the enclosed oocytes were isolated and examined. A) Oocyte diameter. B) Percentage of oocytes displaying the SN chromatin configuration. C) Percentages of oocytes that were able to undergo GVBD. Number of oocytes examined per experimental group is shown. Data were analyzed using two-sample t-test (A) or chi-square test (B and C). *P , 0.05.
EL-HAYEK AND CLARKE junction assembly. As discussed in the introduction, gap junctions permit granulosa cells to supply the oocyte with a wide range of small molecules, including nucleotides and amino acids. We observed that FSH also accelerated oocyte development in vitro, albeit modestly, as assessed using three independent measures. Another study also reported that FSH accelerates oocyte growth in vitro [73] ; moreover, oocytes of Fshb À/À females develop more slowly in vivo than those of Fshb þ/À females [34, 35, 55, 56] . We propose that the increased communication in the presence of FSH permits oocytes to progress more rapidly through the developmental program of growth. Thus, by regulating gap junctional communication with granulosa cells, FSH indirectly controls the rate of oocyte development during folliculogenesis.
Although FSH increases gap junctional communication with granulosa cells and accelerates oocyte development, oocytes grown in vitro in the absence of FSH can be fertilized and will give rise to normal offspring [74, 75] . Thus, in vitro, oocytes are able to complete development normally in the absence of the FSH-driven increase in communication with granulosa cells. In vivo, however, oocytes of Fshb À/À females develop poorly after fertilization and very few reach the blastocyst stage [34, 35, 55, 56] . The differing importance of FSH during oocyte growth in vivo and in vitro may reflect that oocyte growth in vivo occurs in the context of growth and differentiation of the follicle. Follicular development comprises a wide range of processes, including development of the cumulus granulosa cell layer, which undergoes a process termed expansion at the time of ovulation that is essential for the fertilizing sperm to reach the egg; acquisition by the mural granulosa cells of the ability to undergo luteinization following ovulation; and the ovulatory process itself. We suggest that FSH, by increasing communication between the oocyte and granulosa cells, helps to coordinate development of the germline with that of the somatic compartments. More broadly, as FSH also increases communication between granulosa cells, it may a play an essential role in ensuring that the diverse differentiation processes occurring in different cellular compartments within the growing follicle are precisely coordinated and synchronized to ensure ovulation of a fertilizable, developmentally competent egg.
